Current noise fluctuations have been investigated in terahertz (THz) quantum well photodetectors embedded in antennacoupled photonic architectures, and compared with standard substrate-coupled mesa detectors. The noise measurements give a value of the photoconductive gain that is in excellent agreement with that extracted from previous responsivity calibrations. Authors to whom correspondence should be addressed: dpalaferri@utexas. Here, we report the current noise measurements for THz frequency ISB photodetectors, using the 5.4 THz QWIP structure of Ref.
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Quantum well infrared photo-detectors (QWIPs) have been demonstrated over the last 30 years to be fast and sensitive receivers in the mid-and far-infrared frequency ranges 1, 2 . These optoelectronic devices are based on III-V semiconductor heterostructures, and most typically on GaAs/AlGaAs quantum wells (QWs). Their detection wavelength is set primarily by the QW width, as light absorption occurs through electronic transitions between two-dimensional QW states in the conduction band, called inter-subband (ISB) transitions. Device optimization is controlled through judicious choices of QW barrier thickness and Si doping 3 to minimize, respectively, the inter-well tunneling current and the thermally induced dark current. In 2005 4 , H.C. Liu and co-authors reported QWIP devices operating at THz frequencies (1-10 THz) by employing low doping levels (~ 1x10 10 cm -2 ) and low Al content in the barriers (1-5 %). These detectors have received special attention owing to their high responsivity (~ A/W) 4-9 and wide band frequency response (~ GHz) [9] [10] . The coexistence of high sensitivity and high . An ultra-fast THz detector would be beneficial in many applications including: broad wireless communication 13 , the study of charge carrier dynamics in condensed matter 14 , terahertz frequency imaging 15 , frequency comb multi-heterodyne spectroscopy, 16 and ultrafast laser research 17 .
Recently, we have demonstrated a double metal patch-antenna array architecture 18, 19 that significantly improves the responsivity and the thermal performances of a 5.4 THz QWIP (ref. [8] ) with respect to the traditional 45° facet substratecoupled geometry 1, 4 . When using a 7 µm patch antenna-coupled microcavity device (the cavity size that gave the best performance), we reported an NEP = 0.18 pW/Hz 0.5 and a background-limited detectivity D* BL =1.7x10 11 cmHz 0.5 /W at T = 4 K and 0.1 V. In the original work of H.C. Liu, considering the measured responsivity and background current and assuming a similar photoconductive gain, the mesa device has a detectivity D* BL =3.5x10 10 cmHz 0.5 /W. Our enhancement in device performance is a consequence of the increased photonic confinement, the improved light coupling, and the strongly reduced dark current 20 . With the same photonic architecture, similar results have also been recently observed for a mid-infrared QWIP at =9µm 21 . However, a reliable calibration of performance requires noise current measurements in order to confirm the noiseequivalent-power and the detectivity values estimated from the responsivity and the dc background current. Interestingly, noise current fluctuations have been extensively investigated in mid-infrared QWIPs [22] [23] [24] [25] [26] , but never for THz detectors.
Here, we report the current noise measurements for THz frequency ISB photodetectors, using the 5. Figures 2a and 2b show the noise current spectral density for the 7 µm and 9 µm cavity arrays, respectively, exposed to background radiation. As expected, the current noise increases upon increasing the applied voltage. We can identify three regions: a low frequency noise generated by external vibrations (100 Hz -1 kHz), a plateau revealing the generationrecombination noise of the QWIP (1 kHz -10 or 100 kHz), and the cut-off of the amplifier (100 kHz -1 MHz; the cutoff frequencies are f c = 500 kHz and f c = 400 kHz, for gain resistances R G = 10
6 Ω and R G = 10
7 Ω, respectively, according to the amplifier data-sheet 27 ). We note that ISB detectors do not typically show 1/f noise owing to the high quality of III-V materials and the low number of carriers involved 28 . Above 10 kHz for the 7 µm patch detector, and above 40 kHz for the 9 m patch detector, we notice that the noise current increases as function of the frequency: this effect has been previously reported in the literature 29 and can be directly related to the capacitance (of a few tens of pF) of the coaxial cable, C BNC , that connects the detector to the trans-impedance amplifier (see Supplementary Materials). The narrow peaks occurring above 100 kHz (mainly in figures 2a and 2c) originate from an external noise signal interfering with our electronic arrangement. Similar background current noise measurements have been acquired for the mesa device and are included in the supplementary material, together with the dark current noise measurements for the 9 µm cavity array. . The crossing of this curve with the dark current noise sets the background-limited temperature, which corresponds at T BLIP = 21 K 8 for this device. We notice that the background noise i n,ph increases as a function of temperature: this phenomenon, still under investigation, is attributed to an influence of the dark current on the photogeneration process, and will be discussed elsewhere. As expected, the generation-recombination term, S GR , is the main contribution to the QWIP noise. At low temperatures (T QWIP ≤ 10 K), the detector performance is limited by the backgroundinduced photocurrent noise, with the thermal and dark current noise representing a negligible contribution. Above T BLIP , the QWIP device is dominated by dark current noise. The estimated total current noise based on the photoconductor model (continuous green line) accurately reproduces the noise measurements as a function of temperature within experimental error. After analyzing the current noise PSD and the photoconductive gain, it is possible to quantify the photodetector sensitivity in both the mesa and patch antenna geometries. Fig. 4a shows the noise-equivalent-power (NEP) obtained from noise current measurements by using NEP = i n /R where R is the measured responsivity for the mesa and the for the 7 µm cavity array devices.
For the 9 µm array device, the responsivity has been calculated by knowing the gain and the absorption coefficient /R using the measured dc background current for each device. We observe an NEP ~ 0.14 -0.22 pW/Hz 0.5 for the 7 µm patch antenna array, which is five times smaller than that for the mesa device with NEP ~ 0.6 -1.3 pW/Hz 0.5 . This significant reduction is a result of the strongly improved photon absorption in the antenna coupled detectors, which for the 7 µm array device has an estimated absorption, array , = 37 %, whilst for the mesa we quantify mesa = 5 % 8 .
The 9 µm array device shows a higher NEP ~ 4 -5 pW/Hz 0.5 (corresponding to array = 13 %) , which is due to the fact that the resonant modes TM 100 and TM 010 of these microcavities are largely detuned from the ISB transition (as shown in the responsivity spectra, reproduced on the same scale in the right insets of fig. 4a ). Indeed the absorption coefficient of the patch-cavity photodetector is directly proportional to the overlap factor between the optical mode and the resonant absorption of the two-level QW 8, 19 . It is, therefore, essential to tailor the parameters of the photonic architecture in order to optimize device performances: the antenna size s has to match the cavity, whilst the electronic resonances and the array spacing p maximize the fraction of photons coupled into the QWIP active region 20, 21 . Using the measured NEP values, it is possible to calculate the background-limited specific detectivity, Recently, optical heterodyne detection has been demonstrated as a tool to enhance quantum well photodetector performance 21 : this technique involves the coherent beating of a high power local-oscillator (LO) with a weak signal source on a fast detector. . This ultra-high sensitivity devices, comparable to THz photon counters based on nanobolometers 33 , could be used, for example, to probe early universe THz radiation 34 , or to assess the mutual coherence in THz laser frequency combs 35 . Moreover, a quantum well photodetector in an optical heterodyne system is highly convenient owing to its high frequency response 2, 21 . Figure 4b shows the responsivity of the THz QWIP under study as a function of modulation frequency 36, 37 . For the 400 µm mesa, the 9 µm cavity array and the 7 µm cavity array devices, we find C mesa = 19.1 pF, C 9µm = 4.7 pF and C 7µm =4.3 pF, respectively, corresponding to cut-off frequencies f mesa =167 MHz, f 9µm =682 MHz and f 7µm =748 MHz.
Reducing the number of patches down to a 3x3 microcavity array could give a capacitance C 3x3 =52.6 fF and a cut-off frequency f c ~ 60GHz, whilst a single microcavity could analogously give C 1x1 =5.5 fF and a cut-off frequency f c > 100 GHz. These devices are therefore extremely promising candidates as high speed and large bandwidth receivers for THz wireless communications 13 .
In summary, we have reported the noise measurements for THz QWIPs including a comparative study between standard mesa and patch-antenna architectures. The noise current spectral density measurements have confirmed a performances calibration 
